Abstract-Due to force scaling laws, large adhesion forces at the microscale make rapid accurate release of microobjects a longstanding challenge in pick-place micromanipulation. This paper presents a new microelectromechanical systems (MEMS) microgripper integrated with a plunging mechanism to impact the microobject for it to gain sufficient momentum to overcome adhesion forces. The performance was experimentally quantified through the manipulation of 7.5-10.9-µm borosilicate glass spheres in an ambient environment under an optical microscope. Experimental results demonstrate that this microgripper, for the first time, achieves a 100% successful release rate (based on 200 trials) and a release accuracy of 0.70 ± 0.46 µm. Experiments with conductive and nonconductive substrates also confirmed that the release process is not substrate dependent. Theoretical analyses were conducted to understand the release principle. Based on this paper, further scaling down the end structure of this microgripper will possibly provide an effective solution to the manipulation of submicrometer-sized objects.
Despite the availability of MEMS gripping tools and the significant progress made in automation techniques for eventually autonomous operation, micromanipulation is still largely skill dependent and entails repeated trial-and-error efforts. Among the challenges, a long-standing difficulty is the release of microobjects from the end effector due to strong adhesion forces at the microscale. Force scaling causes surface forces (i.e., adhesion forces), including the capillary force, the electrostatic force, the and van der Waals force, to dominate volumetric forces (e.g., gravity) [23] . In pursuit of rapid accurate release methods, several strategies have been proposed in the past decade.
These release techniques can be classified into two categories, namely, passive release and active release. Passive release techniques depend on the adhesion forces between the microobject and the substrate to detach the microobject from the end effector. In consideration of adhesional and rolling-resistance factors [24] , [25] , microspheres were rolled on a Au-coated substrate for both pick and release, causing the fracture of the microsphere-substrate interface and the microsphere-tool interface, respectively. Similarly, it was also demonstrated that ultraviolet cure adhesive was applied on the substrate to enable release [26] . A commonality of passive release techniques includes the dependence on surface properties, being time consuming, and being poor in repeatability.
Differently, active release methods intend to detach the microobject from the end effector without touching the substrate. By applying a voltage between the probe and the substrate [27] [28] [29] [30] , an electric field was created to detach the object from the probe. Nevertheless, this method requires the microobject, the probe, and the substrate all to be conductive. More importantly, the released microobjects landed at random locations on the substrate, resulting in a poor release accuracy.
The second type of active release makes use of mechanical vibration [31] , [32] . Requiring a large bandwidth of the manipulator, the vibration-based method takes advantage of inertial effects of both the end effector and the microobject to overcome adhesion forces. The release process has been modeled and simulated to predict the landing radius of the released object [33] ; however, the accuracy has not been experimentally quantified. The third type of active release employs vacuum-based tools [34] to create a pressure difference for pick and release. However, miniaturization and accurate control of vacuum-based tools can be difficult, and its use in a vacuum environment can be limited. Finally, micro Peltier coolers were used to form ice droplets instantaneously for pick-place of microobjects [35] [36] [37] . Thawing of the ice droplets was used to release objects. The freezing-heating approach requires a bulky complex end effector and is limited to micromanipulation in an aqueous environment.
To our best knowledge, no techniques exist for easy, rapid, accurate, and highly repeatable release of microobjects in micromanipulation. In this paper, we present an active release strategy by using a MEMS microgripper that integrates a plunging structure between two gripping arms, as shown in Fig. 1 . While the method retains the advantage of double-ended tools for picking up microobjects, the plunger is capable of thrusting a microobject adhered to a gripping arm to a desired destination on a substrate, enabling highly repeatable release with a high accuracy of 0.70 ± 0.46 μm. This paper also presents the theoretical analyses of the micromanipulation process in order to understand the microphysics behind this active release technique. All the preliminary results that this paper describes were obtained under an optical microscope with 7.5-10.9-μm borosilicate microspheres on glass and steel substrates in an ambient environment. No surface treatments were conducted to the microspheres, microgripper, or substrates. Fig. 2 shows a schematic of the microgripper. The monolithic device integrates three electrostatic microactuators for driving two normally open gripping arms, as well as a plunger for active release. In this design, electrostatic actuation was chosen over electrothermal actuation because temperature rise of the gripping arms can influence adhesion forces [38] and reduce the consistency of device performance. Furthermore, electrostatic actuation was also chosen for driving the plunger because it exhibits a much higher bandwidth than electrothermal actuators and is able to deliver a much faster speed, representing an important advantage for thrusting off an adhered microobject.
II. THREE-PRONGED MICROGRIPPER
This design is different from existing microgrippers that have either only one actively actuated gripping arm [7] [8] [9] or two interdependently active gripping arms [5] . Since to which gripping arm a microobject adheres is random, both gripping arms in our design have an independent actuator for positioning the adhered object to properly align to the plunger for release. The structural parameters of the microgrippers are shown in Table I .
The devices were microfabricated using a modified deep reactive-ion etching (DRIE) on the SOI process [8] with a 25-μm-thick device silicon layer, as shown in Fig. 3 . Two-step DRIE of the handle layer creates a step difference between the central suspended structure and the device frame, which greatly reduces the risk of device breakage during device operation and handling. Fig. 4 shows the experimentally characterized device performance, as well as fitted lines.
The device also permits one to experimentally estimate the adhesion forces between the gripping arms and a grasped microsphere. After the microsphere is gently but securely grasped, the actuation voltages for the gripping arms are released in a continuous and synchronous manner until the voltage V 2 at which the gripping arms are opened is obtained. The adhesion forces can then be estimated as
where is the permittivity of air, N is the number of comb finger pairs, t is the comb finger thickness, b is the gap between opposing comb fingers, and V 1 is the voltage applied to both gripping arms for creating a gap of the size of the microobject. Note that when the initial grasping force applied to the microobject is increased, the actuation voltage V 2 required for opening the gripping arms becomes smaller, resulting in a larger estimate of the adhesion forces. Despite the initial grasping force variations, as well as microfabrication-induced imperfections, the adhesion forces obtained through this actuation force estimation proved useful for understanding purposes.
III. FORCE ANALYSIS
Adhesion forces in an ambient environment include three types of attractive forces, namely, the van der Waals force, the electrostatic force, and the capillary force, all of which depend on the separation distance δ between a microsphere and a flat surface that it adheres to. Fig. 5 shows a microsphere adhered to a flat surface with surface roughness exaggerated.
Van der Waals forces are caused by the instantaneous polarization of atoms and molecules due to quantum-mechanical effects. The van der Waals force between a microsphere and a flat surface is [39] 
where r is the roughness of the flat surface, H is the Lifshitz-van der Waals constant that ranges from 0.6 eV for polymers to 9.0 eV for metals, d is the microsphere diameter, and ρ is the radius of the adhesion surface area.
To estimate the van der Waals force between a 10-μm borosilicate microsphere and the sidewall of a gripping arm, δ is assumed to be 0.35 nm [38] , ρ is assumed to be 0.65% of the radius of the microsphere [38] , H is assumed to be 7.5 eV [38] , and r is assumed to be 100 nm. Thus, the van der Waals force is calculated to be 1.51 × 10 −4 μN. The electrostatic force for microspheres that are smaller than 100 μm is predominantly the electrostatic double-layer force, which is [40] 
where is the permittivity of air and U is the voltage difference between the microsphere and the flat surface. When U is assumed to be 0.40 V [38] , the electrostatic force between a 10-μm microsphere and the sidewall of a gripping arm is calculated to be 6.36 × 10 −2 μN. The third type of attractive force is the capillary force, which is composed of the capillary pressure force and the surface tension force [41] , [42] . The capillary pressure force dominates the surface tension force for microspheres that are larger than 1 μm [41] . For the microsphere-plane model, the capillary force is [43] , [44] 
where γ is the liquid surface tension, which is 0.073 N · m −1 for water at 22
• C, θ is the contact angle of the meniscus with the microsphere, and r K is the Kelvin radius, which is defined as the mean radius of the curvature of the liquid-vapor interface.
For estimating the capillary force exerted on a 10-μm microsphere by a water meniscus at room temperature, θ is assumed to be 10
• , δ is still assumed to be 0.35 nm as for the calculation of the van der Waals force, and r K is assumed to be 1 nm. The capillary force is calculated to be 3.71 μN.
For comparison purposes, the gravity of the 10-μm microsphere is calculated to be 1.31 × 10 −5 μN, using the density of borosilicate glass that is 2.55 g/cm 3 . In summary, the pecking order is
It can be seen that the van der Waals force is the smallest among the three attractive forces. The van der Waals force heavily depends on the roughness of the surface. Since devices were formed through DRIE, which produces scallop structures on the sidewalls of the gripping arms, the rough surface makes the van der Waals force negligible. The electrostatic force depends on voltage differences, which are difficult to accurately estimate when the microsphere is nonconductive. Unlike the van der Waals force and electrostatic force, neither of which requires physical contact, the capillary force in the air results from a phenomenon called capillary condensation [40] . Liquid from the vapor phase condenses between sufficiently close asperities and forms menisci that cause the capillary force. Thus, there exists a working range, beyond which the capillary force, as well as the liquid menisci, disappears.
The schematic diagrams in Fig. 6 show the forces exerted on a microsphere by the gripping arms and/or the substrate during grasping and release. Fig. 6(a)-(c) is drawn from the side view, and Fig. 6(d)-(f) is from the top view. Fig. 6(a) shows that the microgripper approaches the microsphere and uses the gripping arm to laterally push it in order to break the adhesion bond between the microsphere and the substrate. F s is the adhesion force, and N s is the normal force from the substrate. N r is the laterally pushing force applied by the right gripping arm, and F r is the adhesion force from the gripping arm in the normal direction. Upon the application of N r , the stress distribution in the contact area between the microsphere and the substrate becomes nonuniform, which creates a rolling-resistance moment M s [45] , [46] . Other than the adhesion forces F s and F r that are normal to the flat surfaces, f s and f r are additional capillary forces from the substrate and the gripping arm, respectively. f s (f r ) resists the relative motion between the microsphere and the substrate (gripping arm) through the menisci. In this situation, the total capillary forces from the substrate and gripping arm are not perpendicular to the flat surfaces.
After the microsphere is moved laterally from its original position, the two gripping arms close and grasp it, as shown in Fig. 6(b) . The normal and adhesion forces N l and F l are from the left gripping arm. Similarly, N r and F r are from the right gripping arm. Aside from F l and F r , there can also be additional capillary forces parallel to the substrate surface and gripping arm surface, although they are not shown in the diagram for clarity. The microgripper is then raised, as shown in Fig. 6(c) to lift up the microsphere. The additional capillary forces from the gripping arms, f l and f r , overcome the adhesion forces from the substrate, F s , which decreases gradually as a function of the distance between the microsphere and the substrate.
When the microsphere is up in the air [ Fig. 6(d) ], the adhesion forces from the substrate become negligible. Upon reaching a desired destination, the gripping arms are opened, during which all of the adhesion and normal forces from the gripping arms decrease. Consequently, the microsphere separates from one gripping arm and keeps adhering to the other gripping arm by adhesion forces, as shown in Fig. 6(e) .
For release, the gripping arm with the adhered microsphere is properly positioned relative to the plunger, as shown in Fig. 6(f) . The plunger is then controlled to move forward to thrust out and collide with the microsphere. The microsphere eventually escapes from the adhesion forces from the gripping arm by its own inertia and lands on the substrate. In Fig. 6(f) , N p is the pushing force applied by the plunger, F p is the adhesion force from the plunger, and M r and f r are the rollingresistance moment and additional capillary force from the gripping arm, respectively.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
The experimental setup (Fig. 7) consists of an optical microscope (Motic PSM-1000) with a CMOS camera (Sony XCD710). A custom-made circuit board with a wire-bonded microgripper was mounted on a 3-DOF micromanipulator (Sutter MP-285) at a tilting angle of 25
• . Borosilicate glass microspheres (diameters: 7.5-10.9 μm) were manipulated at room temperature of 22
• C with relative humidity of 50 ± 5%. A droplet of microspheres in isopropanol was micropipetted onto the substrate and let dry in air. The surface tension of isopropanol (0.021 N/m at room temperature) is smaller than that of water. However, due to the volatility of isopropanol and because the microspheres were let dry in air for a prolonged period, water was assumed to constitute most of the liquid menisci between the microspheres and the substrate. Therefore, the surface tension of water was used in (4) in Section III for estimating the capillary force.
Two types of substrates, wipe cleaned with isopropanol and let dry in air, were used in the experiments, including an electrically conductive substrate (steel) and a nonconductive substrate (glass). These two substrates were expected to exert different electrostatic forces and van der Waals forces on the microsphere while it is traveling in air during release, which might affect the release accuracy.
A. Repeatability of Active Release
After the gripping arms opened, the microsphere randomly adhered to a gripping arm in all cases. The overall adhesion forces between the gripping arms and the microsphere were estimated to be 3.6-5.8 μN by measuring the actuation voltages required to open the gripping arms after a gentle yet secured grasping of a microsphere, as described in (1) in Section II.
For successful release, the microsphere must gain a sufficient amount of momentum from the collision with the plunger in order to overcome the adhesion forces. The speed of the plunger can be varied by controlling the rising time of the actuation voltage. When a sharp increase in actuation voltage was applied to the plunger (e.g., from 0 to 50 V within 0.1 s), release of the microsphere was guaranteed (i.e., 100% success rate, n = 200). A high plunging speed alleviates careful sample preparation requirements (e.g., baking) or environmental control requirements (e.g., humidity). Quantification using high-speed videography (13 000 frames/s) revealed that a plunging speed of 65.24 mm/s produced a microsphere speed of 105.01 mm/s. High-speed videography also demonstrated that a microsphere was separated from the plunger upon impact.
B. Quantification of Release Performance
To quantitatively characterize the release performance, single microspheres were repeatedly picked and released from different heights (2-30 μm) above the substrate. Fig. 8(a) shows representative data of landing positions on a glass substrate. The results show a fairly linear and predictable relationship between landing positions and heights from the substrate, indicating that forces including the van der Waals forces and the electrostatic forces from both the substrate and the microgripper, as well as the gravitational force, do not have a significant effect on the high-speed microsphere that travels a short distance in air. Fig. 8(a) also shows that the precision of landing is inversely proportional to the height from the substrate. When the height was over 20 μm, random landing locations were observed, which should be partly due to the more pronounced airflow effect. To investigate the influence of substrate differences on release performance, experiments were also repeated using a steel substrate. Compared to the data in Fig. 8(a) , the results shown in Fig. 8(b) confirm that the active release approach does not have observable substrate dependence.
As mentioned earlier, adherence of the microsphere to which gripping arm is random. Fig. 8(a) and (b) show the experimental data collected when the microspheres adhered to the right gripping arm. Similar data were captured but not shown for microspheres that adhered to the left gripping arm.
Given the aforementioned findings, the release height was set to 2 μm above the substrate for quantifying the release accuracy. The small distance of 2 μm from the substrate reduces the distance/time that the microsphere travels in air, making the landing location less sensitive to environmental disturbances. Fig. 9 shows the recorded landing positions of the microsphere, proving an accuracy of 0.70 ± 0.46 μm. A summary of the characterized release accuracy is given in Table II Other than a high accuracy, the active release technique enables easy fast pick-place operation in micromanipulation. Fig. 10 shows the result of a series of pick and release of microspheres. While grasping was manually conducted, which is skill dependent, positioning the microsphere properly for plunging was rapid and took less than 1 s with the use of the calibration results shown in Fig. 4 . The actual release takes 0.17 ms according to high-speed videography.
C. Understanding the Curved Trajectory
Interestingly, it can be seen from Fig. 8 that the microspheres all landed to the right/left side of the plunger (the plunger was along the y-axis), depending on which gripping arm that they adhered to. High-speed imaging verified that the flying path of the microsphere was indeed curved. The images shown in Fig. 11 were taken through high-speed videography when the gripping arms were 20 μm above the substrate before the release of the microsphere.
According to the brief force analysis in Section III, the van der Waals force and electrostatic force decrease with increased distances between the microsphere and gripping arm. Additionally, the capillary force vanishes beyond a certain distance. Thus, it is assumed that the gripping arm has an adhesion-force effective region around it, as indicated by the dashed lines in Fig. 12 .
During release, the plunger first impacts the microsphere along the sidewall of the gripping arm at a high speed, as shown in Fig. 12(a) , where the dotted lines represent the adhesionforce effective region. When the traveling microsphere approaches the gripping-arm corner, which was rounded by DRIE, the adhesion forces create a radial acceleration toward the corner, which curves its travel direction. While the microsphere is within the adhesion-force effective region, there exists resistance f r (additional capillary force) in the tangential direction caused by menisci. Eventually, the microsphere leaves the gripping-arm tip and, hence, the adhesion-force effective region. It then travels straightly and lands on the substrate, as shown in Fig. 12(b) .
V. CONCLUSION
This paper presented a new MEMS microgripper that integrated both gripping and release mechanisms. The microgripper was applied to the grasping and active release of microspheres. The plunger provided the microsphere with sufficient momentum to overcome adhesion forces, resulting in highly repeatable release (100% of 200 trials) and a release accuracy of 0.70 ± 0.46 μm. The tested borosilicate microspheres varied from 7.5 to 10.9 μm in size. Within this size range, release accuracy was found independent of microsphere sizes. Release performance was also found independent of electrical conductivity of substrates (steel and glass). Considering the structural dimensions of the present device (e.g., thickness of gripping arms and plunger: 25 μm, and initial gripping arm opening: 17 μm), we speculate that the reported release accuracy should be consistent for microspheres ranging from a few micrometers up to 17 μm. This paper revealed that the most important operating parameters are plunging speed and the height from the substrate. The highly controllable active release capability represents an important progress for reliable pick-place micromanipulation. By virtue of its grasping and rapid accurate release capabilities, the MEMS microgripper will enable fully automated micromanipulation.
